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Abstract

Autonomous moving systems require very detailed information about their environment

and potential colliding objects. Thus, the systems are equipped with high resolution

sensors. These sensors have the property to generate more than one detection per object

per time step. This results in an additional complexity for the target tracking algorithm,

since standard tracking filters assume that an object generates at most one detection

per object. This requires new methods for data association and system state filtering.

As new data association methods, in this thesis two different extensions of the Joint

Integrated Probabilistic Data Association (JIPDA) filter to assign more than one detec-

tion to tracks are proposed. The first method that is introduced, is a generalization of

the JIPDA to assign a variable number of measurements to each track based on some

predefined statistical models, which will be called Multi Detection - Joint Integrated

Probabilistic Data Association (MD-JIPDA). Since this scheme suffers from exponen-

tial increase of association hypotheses, also a new approximation scheme is presented.

The second method is an extension for the special case, when the number and locations

of measurements are a priori known. In preparation of this method, a new notation and

computation scheme for the standard Joint Integrated Data Association is outlined,

which also enables the derivation of a new fast approximation scheme called balanced

permanent-JIPDA.

For state filtering, also two different concepts are applied: the Random Matrix Frame-

work and the Measurement Generating Points. For the Random Matrix framework, first

an alternative prediction method is proposed to account for kinematic state changes in

the extension state prediction as well. Secondly, various update methods are investig-

ated to account for the polar to Cartesian noise transformation problem. The filtering

concepts are connected with the new MD-JIPDA and their characteristics analyzed with

various Monte Carlo simulations.
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In case an object can be modeled by a finite number of fixed Measurement Generating

Points (MGP), also a proposition to track these object via a JIPDA filter is made. In

this context, a fast Track-to-Track fusion algorithm is proposed as well and compared

against the MGP-JIPDA.

The proposed algorithms are evaluated in two applications where scanning is done using

radar sensors only. The first application is a typical automotive scenario, where a

passenger car is equipped with six radar sensors to cover its complete environment.

In this application, the location of the measurements on an object can be considered

stationary and that it has a rectangular shape. Thus, the MGP based algorithms are

applied here. The filters are evaluated by tracking especially vehicles on nearside lanes.

The second application covers the tracking of vessels on inland waters. Here, two dif-

ferent kind of Radar systems are applied, but for both sensors a uniform distribution

of the measurements over the target’s extent can be assumed. Further, the assumption

that the targets have elliptical shape holds, and so the Random Matrix Framework in

combination with the MD-JIPDA is evaluated. Exemplary test scenarios also illustrate

the performance of this tracking algorithm.

III



Contents

List of Abbreviations and Acronyms VIII

List of Symbols IX

1. Introduction 1
1.1. Extended Target Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2. Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3. Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4. Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2. Principles of Multi-Object Tracking and State of the Art 9
2.1. State Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.1. Recursive Bayes Filter . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.2. Kalman Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1.3. Motions Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2. Data Association . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.1. Gating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3. Track Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4. Random Finite Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.5. Performance Evaluation using OSPA . . . . . . . . . . . . . . . . . . . . 20

3. Probabilistic Data Association Methods 22
3.1. Generalized Probabilistic Data Association . . . . . . . . . . . . . . . . . 24
3.2. Multi Detection - Joint Integrated Probabilistic Data Association . . . . 27
3.3. Approximation Scheme for MD-JIPDA . . . . . . . . . . . . . . . . . . . 31

3.3.1. Maximum Likelihood-GPDA . . . . . . . . . . . . . . . . . . . . . 32
3.3.2. Suboptimal MD-JIPDA . . . . . . . . . . . . . . . . . . . . . . . 32

3.4. Approximation scheme for the JIPDA . . . . . . . . . . . . . . . . . . . . 36
3.4.1. Assignment Matrix for JIPDA . . . . . . . . . . . . . . . . . . . . 37
3.4.2. Balanced Permanent-JIPDA . . . . . . . . . . . . . . . . . . . . . 38

4. Track Filtering using Random Matrices 41
4.1. Random Matrix Framework . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1.1. Prediction Step . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.2. Measurement Update Step . . . . . . . . . . . . . . . . . . . . . . 51
4.1.3. Incorporation of Sensor Errors . . . . . . . . . . . . . . . . . . . . 52



Contents

4.2. Modification for Polar Measurement . . . . . . . . . . . . . . . . . . . . . 55
4.2.1. Converted Measurements . . . . . . . . . . . . . . . . . . . . . . . 55
4.2.2. Filtering with polar measurements . . . . . . . . . . . . . . . . . 56
4.2.3. Extension for Doppler Measurements . . . . . . . . . . . . . . . . 57

4.3. Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3.1. Prediction Step . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3.2. Update Step . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3.3. Combination of Prediction and Update Step . . . . . . . . . . . . 70

4.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5. Probabilistic Data Association using Random Matrices 74
5.1. Implementation of the GPDA and MD-JIPDA . . . . . . . . . . . . . . . 75

5.1.1. Measurement Model . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.1.2. Cardinality Model . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.1.3. Clutter Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.1.4. Track Management . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2. Single Target Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.2.1. Variable Clutter Rate . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.3. Multi-Object Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3.1. Extension of OSPA . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3.2. Low Detection Count . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.3. High Detection Count . . . . . . . . . . . . . . . . . . . . . . . . 92

5.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6. Probabilistic Data Association using Measurement Generating Points 100
6.1. MGP based Tracking using Track-To-Track Fusion . . . . . . . . . . . . . 102

6.1.1. Track-To-Track Association . . . . . . . . . . . . . . . . . . . . . 103
6.1.2. Track-To-Track Fusion . . . . . . . . . . . . . . . . . . . . . . . . 104
6.1.3. Existence Fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.2. MGP-JIPDA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.2.1. System Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
6.2.2. Data Association and Measurement Update . . . . . . . . . . . . 111
6.2.3. Birth Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.2.4. Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.3. Comparison of T2T and MGP-JIPDA . . . . . . . . . . . . . . . . . . . . 118
6.4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7. Application: Vehicle Tracking on Near Side Lanes 121
7.1. Radar Pattern Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7.1.1. Laboratory Experiment . . . . . . . . . . . . . . . . . . . . . . . . 123
7.1.2. Exemplary Test Scenario . . . . . . . . . . . . . . . . . . . . . . . 124

7.2. Finite reflector target model . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.2.1. Adaption of the Measurement and Simulation Model . . . . . . . 129

7.3. Implementation of the Tracking Algorithm . . . . . . . . . . . . . . . . . 133
7.3.1. Target Motion Model . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.3.2. Birth Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

V



Contents

7.3.3. Persistence Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
7.4. Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
7.5. Empirical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

8. Application: Vessel Tracking for Collision Avoidance on Inland Waters 144
8.1. BR24 Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

8.1.1. Image Preprocessing . . . . . . . . . . . . . . . . . . . . . . . . . 146
8.1.2. IMM-bpJIPDA using Random Matrices . . . . . . . . . . . . . . . 148
8.1.3. Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . 152

8.2. ARS Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
8.2.1. Radar Pattern Analysis . . . . . . . . . . . . . . . . . . . . . . . . 156
8.2.2. Single Target Case . . . . . . . . . . . . . . . . . . . . . . . . . . 162
8.2.3. Multi-Object Case . . . . . . . . . . . . . . . . . . . . . . . . . . 171

8.3. Comments on Fusion Strategy . . . . . . . . . . . . . . . . . . . . . . . . 173

9. Summary and Future Work 174
9.1. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
9.2. Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

A. Facts on Probability Distributions 178
A.1. Applied Probability Densities . . . . . . . . . . . . . . . . . . . . . . . . 178

A.1.1. Normal Distribution . . . . . . . . . . . . . . . . . . . . . . . . . 178
A.1.2. Gamma Distribution . . . . . . . . . . . . . . . . . . . . . . . . . 178
A.1.3. Wishart Distribution . . . . . . . . . . . . . . . . . . . . . . . . . 179
A.1.4. Inverted Wishart Distribution . . . . . . . . . . . . . . . . . . . . 179
A.1.5. Generalized Beta II Distribution . . . . . . . . . . . . . . . . . . . 180

A.2. Important Relationships . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
A.2.1. Multivariate Gaussian Mixture . . . . . . . . . . . . . . . . . . . 181
A.2.2. Gamma Mixture . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
A.2.3. Inverse Wishart Mixture . . . . . . . . . . . . . . . . . . . . . . . 182
A.2.4. Product Formula for Wishart distribution . . . . . . . . . . . . . 182
A.2.5. Transformation GBII to Inverse Wishart . . . . . . . . . . . . . . 183

B. Bayes Filter 184
B.1. Linear Kalman Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
B.2. Unscented Kalman Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

B.2.1. Unscented Transform . . . . . . . . . . . . . . . . . . . . . . . . . 185
B.2.2. Unscented Kalman filter algorithm . . . . . . . . . . . . . . . . . 186

B.3. Unscented Rauch-Tung-Striebel smoother . . . . . . . . . . . . . . . . . . 188
B.4. Decorrelated Unbiased Converted Measurement . . . . . . . . . . . . . . 188
B.5. Interacting Multiple Model . . . . . . . . . . . . . . . . . . . . . . . . . . 189
B.6. Evaluation of filter performance . . . . . . . . . . . . . . . . . . . . . . . 191

B.6.1. Root Mean Square Error . . . . . . . . . . . . . . . . . . . . . . . 191
B.6.2. Averaged Normalized Estimation Error Squared . . . . . . . . . . 191

VI



Contents

C. Dynamic Models for Target Tracking 193
C.1. Uncorrelated Motions Models . . . . . . . . . . . . . . . . . . . . . . . . 193

C.1.1. Constant Velocity Model - CV . . . . . . . . . . . . . . . . . . . 194
C.2. Coordinated Turn Models . . . . . . . . . . . . . . . . . . . . . . . . . . 194

C.2.1. Horizontal Turn Model - CTRV . . . . . . . . . . . . . . . . . . 195
C.2.2. Constant Turn Model - CT . . . . . . . . . . . . . . . . . . . . . 196

D. Fundamentals and Derivations for Data Association 197
D.1. Derivation of PDA Likelihoods . . . . . . . . . . . . . . . . . . . . . . . . 198
D.2. Derivation of MD-JIPDA posterior probability . . . . . . . . . . . . . . . 199

E. Sensor Characteristics and Models 200
E.1. Automotive Radar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

E.1.1. Continental ARS308/309 . . . . . . . . . . . . . . . . . . . . . . . 200
E.1.2. Autoliv MMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

E.2. Sea Radar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
E.3. Mounting Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
E.4. Radar Reflector Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

Bibliography 208

Curriculum Vitae 225

VII


